Introduction
The dynamic binaural synthesis of acoustical environments based on measured binaural room impulse responses (BRIRs) can provide a high degree of perceptual realism [1] . One important parameter for the quality of binaural auralizations is the degree of interaction allowed between the listener's head movements and the synthesized sound field, i.e. whether it reacts only to horizontal or also to vertical movements, and how fine the spatial resolution of the BRIR dataset is.
The horizontal and vertical resolutions of HRTF resp. BRIR data sets used in today's virtual auditory displays cover a wide range of between 1-2° / 1-2° [2] and 10-22.5° / 10-11.5° [3, 4, 5] . Very often, BRIRs originally acquired with lower resolution are numerically interpolated [6, 7] . With regard to the size of the BRIR database as well as the duration of its measurement it would be desirable to know an auditory threshold above which audible artefacts are introduced by the granularity of the BRIR grid. This problem is related to quantities such as the minimum audible angle (MAA, [8] ) and the minimum audible movement angle (MAMA, [9] , [10] ). In anechoic environments, MAAs of 1° for frontal sound incidents have been reported [9] . But, especially the MAMA, referring to situations with a moving source (or listener) is relevant in this context. MAMA values of 5-20° have been reported for moving sources, with values increasing with the velocity of the source and decreasing with the bandwidth of the signal [10] .
Whereas the quality of localization was shown to depend very much on the direction of sound incidence, this factor is neither predictable nor stable for a dynamic binaural system. Therefore, the present investigation has chosen a setup with a sound source in the area around frontal incidence, where the sensitivity to changes in localisation and/or timbre is expected to be highest [8, 10] , and for a listener free to move his head in any direction. In contrast to studies investigating changes in ITD/ILD and minimum phase spectrum separately that can be revealing with regard to fundamental localization cues [11, 12] , the present approach seems closer to the practical application of binaural simulations. Moreover, the influence of different stimuli (pink noise and acoustical guitar) and the influence of the diffuse sound field has been investigated by using binaural data acquired in an anechoic environment and in two rooms of different size and reverberation time. Finally, a standard model for the audibility of spectral differences, using a 1 dB-deviation-in-a-band criterion based on a third octave filter bank analysis, was compared to the listening test results.
Experimental setup

Binaural Room Impulse Responses
Sets of binaural room impulse responses where measured in a studio (V = 260 m³, RT = 0.7 s, r crit = 1.4 m) and in a large lecture hall (V = 8600 m³, RT = 2.1 s, r crit = 4m). For the measurement the FABIAN head and torso simulator, developed at the TU Berlin was used [1] . In the studio, FABIAN was seated at the mixing desk with the frontal speaker serving as source at a distance of 2.8 m. In the lecture hall FABIAN was seated in the fourth row at 8 m distance from the source on stage. Hence, in both rooms the listening position was at approximately twice the critical distance r crit , providing a predominantly diffuse sound field. In both cases the same loudspeaker was used. The BRIRs were measured for a frontal sphere of head movements of ±80° horizontally and ±35° vertically with 1° resolution, resulting in 11431 BRIRs for each room. Hence, 1° was the finest resolution presented in the listening test and supposed to be inaudible [7] . An additional set of HRTFs for a frontal source was provided by earlier measurements [14] , providing 1° resolution only for the horizontal plane, which is why the HRTFs were not tested for vertical grid resolution. A standard system of spherical coordinates was chosen with head movements given by azimuth and elevation angles, so that (+45°, +45°) means "half-right, half-up".
Auralization
A software for fast partitioned convolution was used to auralize various BRIR sets at a time with a sampling rate of 44.1 kHz. Only the initial 2 14 samples of the BRIR were updated dynamically, since changes in the diffuse reverberation tail due to different head and source positions were shown to be inaudible [1] . The initial block size was set to 256 samples, whereas for the diffuse tail a block size of 8192 samples was chosen. The result of a filter exchange is available one audio block after recognizing a trigger event; the resulting latency of one audio block is already introduced by the underlying jack audio server architecture [www.jackaudio.org]. The time-domain cross fade results are then output consecutively. This approach ensures a minimum response time to head movements, while stretching out the fade process in time (see [15] ). The inaudibility of the cross fading between BRIRs was approved by a pre-test crossfading white noise and sines between identical HRTFs. Since no switching was audible, it was concluded that all artefacts heard later should be due to differences in the BRIRs themselves. A Polhemus Fastrack head tracker was used, providing an update rate of 120 Hz, i.e. new head positions every 8 ms. STAX SR202 Lambda headphones were used, equalized using a linear phase inverse filter optimized by a least squares criterion and based on the magnitude average of 10 measurements carried out while repositioning the headphones on the dummy head after each measurement. As the 3AFC listening test design (see below) requires instantaneous switching between the full resolution and reduced resolution data sets, the complete set of BRIRs was held in random access memory (ca. 22 GB).
Listening test procedure
An adaptive three alternative forced choice (3AFC) test procedure was chosen. Three stimuli were presented, including the reference situation (1° / 1° resolution) twice and a reduced grid resolution once. Since the threshold of just audible grid granularity should be tested independently for horizontal and vertical grid resolution, the resolution was changed only for one direction, while kept constant for the other direction at maximum resolution. The presentation order was randomized for each trial. Following a separate training phase, each test run started with a test stimulus in the middle of the range of provided grid resolutions. These ranges (20° for HRTFs; studio & lecture hall: 30° horizontal, 35° vertical) were derived from pretests. The BRIR resolution was changed according to a maximum likelihood adaption rule ("Best-Pest", see [16] ). According to pretests a stop criterion of 8 trials was assumed to be sufficient. As can be seen from figure 1, the test procedure converges very fast, resulting in test durations ranging from 54 min. to 1:30 hours, involving 10 test conditions for each subject (see Table 1 ). Due to the 1° step size of BRIR resolutions while using a 3AFC stimulus presentation comparing the 1° reference to resolutions >1°, the finest audible grid resolution threshold measurable was 2°. As will be shown below, this value was never reached for the tested conditions and subjects. Fig. 1 Progression of the listening test procedure for two conditions (same subject), showing 8 consecutive trials. The BRIR resolution was automatically adapted according to the answers of the subject (a circle below means "difference not recognized", a circle above "recognized")
Stimuli
Two kinds of stimuli where chosen: pink noise with a duration of 5 seconds (20 ms fade in/out), and a 5 s excerpt from an acoustic guitar piece (bourée by J. S. Bach) which has turned out to be particularly sensitive to simulation artefacts [1] . Pink noise was expected to be particularly sensitive to spectral changes (and also used in [7] , [11] , [12] , [13] ). Furthermore, the results of the wide band filter bank analysis discussed below were expected to correlate best with listening test results of a wide band test stimulus. The guitar sample was selected to represent a musical audio content with transient as well as static harmonic signal parts. Due to the band pass used as headphone compensation target the bandwidth of all presentations was constricted to 50 Hz -21 kHz.
Experimental design
The thresholds determined were dependent on three factors: room type (HRTF, studio, lecture hall), content (noise, guitar), and direction of grid reduction (horizontally, vertically). 21 subjects (age 24 -35, 19 male, 2 female) participated in the test. All subjects were experienced in listening tests; most had musical education. Following the repeated measures design, thresholds were collected for each subject in each situation, resulting in 10 x 21 = 210 threshold values. The missing vertical data in the HRTFs produce two empty cells in the full factorial test design. 
Room
Results
The following results for each test condition are labelled with three letters indicating room (HRTF/Studio/Lecture hall), direction of grid reduction (Horizontal/Vertical) and content (Noise/Guitar). The distribution of thresholds over all 21 subjects is shown in figure 2 . While medians are within a range of 4° to 13° grid resolution, none of the subjects could reliably detect a grid resolution below 3°. Threshold values and variances were higher for the conditions presented with the guitar sample compared to those presented with noise. This effect was shown to be clearly significant by a later ANOVA. For the vertically reduced grid resolution some subjects were even unable to detect differences between the highest (35°) and the lowest (1°) resolution when presented with the guitar sample. Due to the skewed distributions medians and interquartile ranges seem to be more appropriate descriptors of the empirical data. Fig. 2 Just audible BRIR grid resolutions derived for all 10 conditions. Box plots show medians and interquartile ranges, whiskers show 5 % resp. 95 % percentiles. Nonoverlapping box-constrictions indicate a significantly different median. The dotted line shows a 3° margin that has never been exceeded.
The integration of threshold distributions for every condition provides cumulated detection frequencies which can be interpreted as estimates of the psychometric functions of the sample ( fig. 3 ).
For comparability, functions related to the noise stimulus (upper row) have been plotted on a 12° range; functions related to the guitar stimulus (lower row) have been plotted on a 36° range. The sensitivity to reductions in horizontal and vertical resolution depends on stimulus type: for noise a vertical grid reduction becomes audible earlier than for the horizontal case, for guitar this is reversed. Particularly remarkable is the mean threshold value for vertical resolution in the lecture hall (noise stimulus), which is significantly lower than the horizontal thresholds, as shown by a non-parametric Friedman Test for multiple related samples.
Fig. 3 Cumulated distributions of thresholds derived for all 10 conditions
An ANOVA was conducted for the data related to horizontal grid resolution, taking into account the factors of room (HRTF, studio, lecture hall) and stimulus content (noise, guitar). The 3x2 ANOVA for repeated measures showed significant main effects of content and room. A post hoc test proved the HRTF thresholds to be significantly different from both studio and lecture hall, but not the latter being different from each other. Additionally a significant ordinal interaction between room and stimulus could be found: For horizontal grid resolution, the observed thresholds for the guitar sample increased significantly stronger when played in the studio or lecture hall (as opposed to the HRTF case) than for the noise stimulus.
For the guitar stimulus, significant differences could be found neither between the two rooms nor for the directions of grid reduction. Hence, the minimum audible grid resolution for natural stimuli and both vertical and horizontal head movements in the diffuse field of different rooms seems to be given by single a value (see discussion below).
Modeling of results
In [7] the audibility of differences between HRTFs was corresponding rather well to a mean absolute difference in magnitude for 94 logarithmically distributed frequencies from 100 to 20 kHz (summed for left and right ear) of more than of 1 dB. A similar investigation was applied here to the obtained BRIR data.
A third octave filter bank analysis from 63 Hz -16 kHz was conducted on the first 2 14 samples of the BRIRs and averaged for both ears. For studio and lecture hall the results are shown in figs. 4 and 5, separately for differences in horizontal (i.e. left-right movements of the head) and vertical (i.e. up-down movements of the head) direction.
The position of the source is marked by a cross at (0° / 0°). Spectral differences are coded in greyscale for each head position at its azimuth and elevation (±80°, ±35°). Therefore the (-80° / 35°) spot is related to a left and upward orientation of the head, while the source always remains at (0° / 0°). 3 -4° degrees on the greyscale indicate that the next audible BRIR is 3 -4° away in horizontal or vertical direction depending on the diagram. Hence, the Whereas the values obtained for both rooms (S, L) are rather similar, HRTF values were found to be lower, as can be seen in figure 7 and in table 3. The highest spectral differences occur for head movements in the range of ±20°. Differences due to movements by less than 3° are predicted to be inaudible by the model. For horizontal head movements differences are continuously decreasing for larger excursions of the head to the sides. For horizontal movements of the head there might be a domination of spectral cues due to alternating shadowing because this would occur independently from vertical angle of the head, as receivers (ears) and obstacle (head) don't change their constellation towards the sources. Small differences found would then be mainly due to changes of the pinnae's angle of approach. For vertical head movements sensitivity seems to be highest in a frontal hot spot, decreasing for increasing vertical and horizontal excursions of the head. When moving in the median plane spectral changes are caused mainly by the pinnae, these seem to be largest in a frontal range. Also, they differ between the rooms as for the studio they seem larger for head positions pointing downwards.
Comparing results to simulation
In figure 6 the 5%-percentiles of angles predicted to produce spectral differences as derived by the filter bank analysis for the whole frontal sphere is compared to 5%-percentiles derived from the distribution of thresholds from the listening tests. 
Conclusion
The minimum audible grid resolution of measured BRIR data has been studied. For three different acoustic environments, two audio contents and two degrees of rotational head movement, thresholds have been derived in an adaptive 3AFC listening test. For musical content it was considerably more difficult to detect a reduction in grid resolution than for pink noise. Likewise, thresholds increased significantly for BRIRs measured in a diffuse sound field compared to HRTFs measured in an anechoic environment. Somewhat surprisingly, the obtained thresholds for vertical resolution were lower than for horizontal resolution in the case of a broadband excitation such as by pink noise.
For none of the presented conditions a BRIR grid resolution of less than 3° could be detected by the 21 test subjects. Hence, a BRIR data with a grid of 2° x 2° for horizontal and vertical head movements should provide a binaural synthesis of acoustical environments free from resolution artefacts. For musical stimuli and diffuse acoustic environments, the 5%-percentile from pooled threshold values indicates a resolution of 5° x 5° to be sufficient, i.e. only in 4 out of 84 test runs resolution artefacts could be detected.
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